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The formation of a quaternary InGaAsSb alloy is shown to occur in the core of epitaxial GaSb
capped InAs /GaAs quantum dots emitting at 1.3 m. The existence of the four constituent elements
is demonstrated by using spatially resolved low-loss electron energy loss spectroscopy and
aberration-corrected high angle annular dark field scanning transmission electron microscopy. The
intermixing process giving rise to the formation of this quaternary alloy takes place despite the large
miscibility gap between InAs and GaSb binary compounds, and is probably driven by the existence
of strain in the quantum dots. © 2007 American Institute of Physics. DOI: 10.1063/1.2826546
Telecommunication applications currently use
InGaAsP / InP semiconductor diode lasers emitting at 1.3 and
1.55 m. Huge research efforts have been dedicated to de-
velop alternative fabrication technologies for growing epi-
taxial materials on inexpensive large-area GaAs substrates.
This advance would enable the extended use of optical fiber
communications in local area networks.1 The use of self-
assembled InAs /GaAs quantum dots QDs has been one of
the more investigated approaches to solve this technological
challenge.2 A recent promising approach to fabricate opto-
electronic devices emitting at telecom or even longer wave-
lengths is the growth of GaAsSb on InAs /GaAs quantum
dots, with3 or without4–7 the intermediate growth of a GaAs
barrier thin layer separating the InAs and the GaAsSb lay-
ers. The introduction of an antimony exposure step during8
or after3 the QD’s growth has also proven to be an effective
solution to obtain a redshift in the emission wavelength.
More importantly, this approach has achieved an enormous
increase in room temperature emission intensity for the red-
shifted wavelengths. However, there is a lack of knowledge
about the structural and compositional changes associated
with these phenomena. The difficulty to incorporate anti-
mony inside InAs and InGaAs quantum dots and quantum
wells has repeatedly been reported in the literature.9–11 In this
work, we show clear evidence of Sb incorporation inside
GaSb capped InAs quantum dots with room temperature lu-
minescence at the technologically important wavelength of
1.3 m.
The sample investigated was grown by molecular beam
epitaxy on GaAs 001 substrates. InAs QDs were observed
by reflection high energy electron diffraction after deposition
of 1.65 ML of InAs at 510 °C substrate temperature and at a
0.02 ML /s growth rate. The total InAs deposited was 2.6
ML followed by 2.2 ML of GaSb immediately after InAs QD
growth. The sample was then capped with an 80 nm thick
GaAs layer. The temperature was held at 510 °C until the
first 10 nm of GaAs had been deposited, at which point the
temperature was ramped up to 580 °C. The As and Sb beam
equivalent pressures were 1.710−6 and 3.010−7 mbar,
respectively. In our molecular beam epitaxy MBE system,
these values are, respectively, equivalent to 1.81015 and
3.21014 atoms / s cm2.
The composition of the grown QDs was studied by high
resolution scanning transmission electron microscopy
STEM, using a high-angle annular dark field HAADF
detector and spatially resolved electron energy loss spectros-
copy EELS in two dedicated scanning transmission elec-
tron microscopes. HAADF studies were carried out at
300 kV in a VG HB603U STEM microscope equipped with
a Nion aberration corrector. The inner detector angle is
58 mrad and the probe forming aperture semiangle is about
22 mrad. EELS analyses were performed at 100 kV using a
VG HB601UX STEM equipped with the Gatan ENFINA™
parallel EELS system. EEL spectra were taken using the
low-loss region 50 eV with an energy resolution of
0.35 eV measured in terms of the full width at half maxi-
mum of the zero loss peak, using a collection aperture of
1.34 mrad and an electron probe size of 0.8 nm. EEL spectra
were also acquired in the core-loss region but the nearness of
several In, Ga, Sb, and As edges made it impossible to obtain
significant elemental maps. This problem is avoided by anal-
ysing the low-loss region of the spectra. The sample was also
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studied by conventional transmission electron microscopy
TEM in plan view PV and cross sectional orientations to
measure the density of the QDs and to analyze the presence
of structural defects. Specimens were prepared for TEM and
STEM studies by following standard procedures mechanical
thinning and ion milling.
The PVTEM image of Fig. 1a shows the typical distri-
bution of QDs in the sample. The density of QDs is 8.5
109 cm−2. A few structural defects were observed, such as
the one marked. Their density amounts to about 107 cm−2.
Figure 1b shows a low magnification cross-sectional
HAADF-STEM image of a couple of QDs. The brighter in-
tensity inside the QDs suggests that they are formed by an
alloy with a higher average Z number than GaAs. This alloy
therefore has to consist of either InGaAs or InGaAsSb. It is
well known that the sides of the QDs lie along 110 direc-
tions, thus the base and sloping sides of the QDs are parallel
to the electron beam direction. It is immediately clear that
the thin layer of GaSb that was deposited onto the previously
formed InGaAs QDs has interdiffused, since no thin bright
line is seen covering the sloping sides to the QDs, and there
is no evidence for a GaSb thin layer between the islands. The
GaSb coverage in this experiment is below the reported criti-
cal thickness for GaSb QD nucleation on GaAs001.12 From
the HAADF images, we can conclude that the deposited
GaSb has interdiffused significantly, but it is unclear if it has
been incorporated into the QDs or if it has just been inter-
mixed with the GaAs layer alone.
In order to analyze the existence of intermixing of the
GaSb with the InGaAs alloy of the QDs, detailed analytical
STEM measurements were performed in the QDs. Figure 2
shows the Ga, In, As, and Sb elemental maps obtained by
low-loss EELS. This analysis has been carried out by using
the method explained in Ref. 13. The low-loss spectrum con-
tains features corresponding to the zero loss peak followed
by features corresponding to single or multiple scattering
events. Major features in the single scattering distribution are
the plasmon peak at 16 eV, and edges due to excitation of
the In N4,5 18 eV, Ga M4,5 20 eV, Sb N4,5 31 eV, and
As M4,5 40 eV shells. The plasmon peak is removed during
the calculation of the imaginary part of the dielectric func-
tion 2E which allows a better background fit.14 2E con-
tains information about the optical absorption of the material
including transition from d levels to the conduction band. By
mapping the intensity of Ga 3d and As 3d, an elemental
distribution in the material can be obtained from the back-
ground subtracted spectrum images, taking GaAs as a refer-
ence for Ga and As. Figure 2 shows the elemental distribu-
tion obtained, following this procedure, for Ga, As, In, and
Sb. In and Sb maps were obtained from Ga and As maps as
100-cGa and 100-cAs where cGa and cAs represent the compo-
sitions of Ga and As, respectively. Apart from the presence of
Ga and As, which are present everywhere, the existence of In
and Sb in the QDs is evident from this result, with an enrich-
ment of In and Sb in the QD cores. This result is definitive as
the presence of these four elements is found in all the ana-
lyzed QDs. The measured concentration of In and Sb with
the electron probe on the core of the QDs is about double
40%  that in the wetting layer 20% . However, a gen-
eral problem for the compositional analysis of QDs by TEM
and related techniques is that the image corresponds to a
projection through the specimen including contributions not
only from the QD but also from the material above and be-
low it. The concentration estimates are therefore qualitative
in nature, but definitively establish that the Sb is present
within the QDs. The specimen thickness obtained from the
low loss EELS analysis is 35–40 nm, somewhat greater than
the QD dimensions. Therefore, we estimate that the actual Sb
composition of the QD is higher than the measured value
that includes the surrounding material, and is likely to be
around 60%. We can infer that the cores of the QDs consist
of a quaternary GaxIn1−xAsySb1−y alloy, with y0.4. This
alloy must be the result of an intermixing process during the
growth of the GaSb overlayer and the InGaAs alloy that
originally comprised the QDs before the GaSb overgrowth
was deposited. EDX measurements not shown here of these
QDs confirm this finding, as the same four elements were
detected in the QDs.
FIG. 1. a PVTEM image showing the distribution of QDs. b Cross-
sectional HAADF-STEM images of two QDs.
FIG. 2. Color Ga, In, As, and Sb elemental maps obtained from the analy-
sis of the low-loss energy region of the spatially resolved background sub-
tracted EEL spectra acquired from the same QD. Rainbow color code is used
with red and violet colors representing the minimum and maximum concen-
trations, respectively. Ga and As maps were determined taking GaAs as a
reference for 100% of both elements. In and Sb maps were determined as
100 minus the Ga and As maps, respectively. Concentrations of Ga and As
in the range 100−2i, 100 are shown in violet, while concentrations of In
and Sb in the range 0, 2i are shown in red. i is the standard deviation of
the concentration for the element i Ga or As measured from a region
consisting of pure GaAs. In and Sb are assumed to be equal to Ga 4.1%
and As 5.1%, respectively. Maximum concentrations of Sb and In violet
color are 41.1% and 43.9%, respectively.
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Figure 3a shows a HAADF-STEM image acquired
from a QD. The image has been low-pass filtered to elimi-
nate high frequency noise. More intense contrast in this im-
age is associated with high Z numbers, this is, to zones of the
material where there are In-rich cationic columns and/or Sb-
rich anionic columns. Figure 3b presents an intensity pro-
file taken across the central part of this image along the 001
growth direction. The shape of this profile with a unique well
defined maximum supports our previous findings obtained by
EELS. The central region of the QD with a higher intensity is
assigned to the GaxIn1−xAsySb1−y alloy detected by EELS
and no distinct GaSb capping layer is seen, in agreement
with the low magnification HAADF images. The intensities
integrated from the central zone of the HAADF image of
Fig. 3a around the cationic In+Ga and anionic As+Sb
column positions have been measured from the raw data im-
age. The maximum intensities for both kinds of atomic col-
umns are located throughout the region where maximum In
and Sb concentrations were detected from low-loss EELS
measurements. Furthermore, the depth of field of the
aberration-corrected STEM is much reduced compared to the
EELS experiments, and despite the strong channelling asso-
ciated with the high Z elements is estimated to be 10–20 nm.
Therefore the image with brightest contrast is expected to
reflect mainly the composition of the QD itself. The ratios
between the intensities integrated around the anionic and cat-
ionic columns increase from the core outward to the upper
part of the QD, in good agreement with the EELS results,
which showed Sb to extend further towards the apex of the
QDs with an upper region comprised of GaAsySb1−y on top
of a core of GaxIn1−xAsySb1−y.
The x and y composition values measured in the QDs
from the analysis of the low-loss EEL spectra correspond
to compositions inside the miscibility gap of the
GaxIn1−xAsySb1−y quaternary alloy.15–17 In view of this result,
we propose that the intermixing process giving rise to the
formation of the GaxIn1−xAsySb1−y alloy in the core of the
QDs is likely to be a strain-driven process.
In summary, InAs and GaSb intermixing has been shown
to occur in GaSb / InAs QDs grown by MBE on GaAs sub-
strates, resulting in the formation of an InxGa1−xAsySb1−y
quaternary alloy in the core of the QDs.
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FIG. 3. a High resolution HAADF-STEM image of a QD. The approxi-
mate location of interfaces with the GaAs substrate and the GaAs capping
layer are indicated on the image with dotted lines. The inset at the upper
right corner shows the projected atomic structure. b Intensity profile taken
along 001 across the central part of the HAADF-STEM image of a.
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